Yersinia pseudotuberculosis inv mutants were analyzed for their ability to bind and penetrate mammalian cell lines. Strains defective for the production of invasin and cured of the Yersinia virulence plasmid pIBl were extremely defective for entry into the HEp-2 cell line. inv strains harboring the virulence plasmid partially overcame this defect, indicating that the virulence plasmid mediates an invasin-independent pathway for low-level entry into cultured cells. Plasmid-cured inv mutants were able to attach efficiently to mammalian cells after bacterial culture at 37°C but not after culture at a lower temperature. The enhanced cellular binding of inv mutants grown at 37°C did not result in efficient cellular penetration, indicating that invasin-mediated entry is the primary chromosomally encoded pathway responsible for Y. pseudotuberculosis penetration into both HEp-2 and Chinese hamster ovary cells under the assay conditions described here.
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Yer-sinio pseludouiberculosis is able to penetrate a number of cultured cell lines (1, 3, 29, 36) . This property is shared by many other enteric pathogens (6, 7, 10, 21) and has been taken as a model for translocation across intestinal epithelial barriers (3, 9, 16, 30, 33) as well as for localization of bacteria in a variety of tissues during the infectious process (29, 38, 40) . Recent genetic and biochemical studies have yielded fresh insight into cellular invasion (8, 9, 15, 16, 22, 24, 34) , and studies of bacterial mutants defective for this process should allow both the identification of factors responsible for cellular penetration and an investigation of the molecular mechanism of action of these factors.
Molecular clones derived from Y. pseudoiberuleosis chromosomal DNA have been isolated that confer on Eschlerichia coli K-12 the ability to penetrate HEp-2 cells (16) . These clones encode a single gene called i?. The product of this locus, invasin, is a 987-amino-acid outer membrane protein that is able to attach directly to mammalian cells (17, 18) ; E. coli strains harboring inm require no other Y. pseuidotuberculosis gene products to promote their entry.
It is now clear that invasin is not the only Yer-siniit species-encoded protein that is able to mediate cellular penetration. Miller and Falkow (24) have isolated molecular clones from a related organism, Y. enterocolitico, that are able to confer invasiveness on E. coli K-12. In addition to the inv locus, they have shown that a second gene, called oil, encodes a factor able to promote entry into several types of cells, although with varying efficiencies depending on the mammalian cells being tested. With some cell lines, such as HEp-2, strains encoding this locus adhere extracellularly but penetrate inefficiently. With CHO cells, however, E. (oli strains harboring oil invade with an efficiency similar to that of inm-encoding bacteria. The implication from this work is that enteropathogenic Yersiniti species may encode entry proteins that show tissue specificity, with invasin promoting entry into some cell types and the product of the oiil locus promoting entry into others (24) .
The products of imv and toil may not be the only cellbinding proteins important during animal infections. Rosqvist and co-workers (32) Protein blotting procedures and electron microscopy. Bacterial membrane proteins were fractionated on sodium dodecyl sulfate-polyacrylamide gels (19) . Transfer to Immobilon filters (Millipore Corp., Bedford, Mass.) (39) and detection of cell binding were performed as described previously (17) .
Thin sections of Epon-embedded cells were prepared by standard procedures (18 Mutant derivatives were constructed by techniques previously described (18) in which a fragment encoding kanamycin resistance was inserted into the chromosomal inm locus. As can be seen by the Southern blot analysis in Fig. IC To directly examine the cellular location of bacteria in these experiments, thin sections of infected HEp-2 cells were observed by electron microscopy. The ini+ strains cultured at 28°C were found localized intracellularly within HEp-2 cells, as has been shown many times before (3, 18; data not shown). No such intracellular bacteria were found in the plasmic-cured inv mutant (18) (Fig. 2A and B) . Micrographs of the plasmid-harboring inv mutant were quite different from those of the isogenic plasmid-cured inv strain. In this case, intracellularly localized bacteria were readily found ( Fig. 2C and D) . Although the invasiveness of the plasmid-harboring ins' mutant was marginal by the gentamicin killing assay, intracellular bacteria were readily found in these thin sections. These electron micrographs were consistent with the proposition that the plasmid-harboring ins' mutants showed enhanced survival in the gentamicin-killing assay as a result of plasmid-encoded factors that promoted the uptake of bacteria into mammalian cells.
Prolonged growth at 37°C antagonized the entry of inis mutants, as bacteria were found exclusively bound to the outside of cells when grown at the higher temperature (Fig.  3) . This was presumably due to binding mediated by the plasmid-encoded yopA or yopH gene products or other plasmid-encoded factors that have been implicated in adhesion and antagonism of phagocytosis (2, 5, 12, 13) . This effect was also apparent in the gentamicin killing assay, in which plasmid-harboring inv'+ strains were three-to fourfold less efficient at survival than plasmid-cured inv+ strains (Table 2 , compare strains YP211 and YP201). This antagonism of cellular penetration by plasmid-encoded functions makes the increased invasiveness of plasmid-harboring strains even more striking, since presumably these mutually opposing factors are expressed in these strains.
Chromosomally encoded thermoinducible adhesion factor in Y. pseudotuberculosis inv mutants. Cellular adhesion of a plasmid-cured Y. pseiudotuberculosis inv strain was analyzed by microscopic observation of bacteria incubated with HEp-2 cell monolayers. To this end, YP202 (inv' P-) was cultured at either 28 or 37°C prior to allowing adherence to HEp-2 cells at 37°C for 90 min. The inv mutants were able to adhere to the HEp-2 cells, particularly if the bacteria were cultured at 37°C before binding (Fig. 4 , compare panels C and D). To eliminate continued bacterial growth during incubation with mammalian cells and to show that adherence depended on the culture temperature of the bacteria, chloramphenicol was added to the monolayers during the bacterial adhesion period. Goguen and co-workers (12) have shown that this protein synthesis inhibitor prevents the production of temperature-inducible gene products during the 37°C incubation period with mammalian cells. Bacteria that were first cultured at 37°C prior to chloramphenicol addition efficiently adhered to the HEp-2 cells (Fig. 4A) . On the other hand, if the bacteria were first cultured at 28°C, inhibition of protein synthesis at 37°C eliminated efficient adhesion to HEp-2 cells (Fig. 4B) 3 . Thin-section electron microscopy of Y. pseltdoluberculosis strains grown at 37°C. YP212 (P+ in') was grown overnight in L broth at 28°C. Freshly saturated cultures were diluted in the same medium and aerated at 37°C for 3 h at this temperature before 108 bacteria were added to 106 HEp-2 cells seeded in a monolayer (Materials and Methods). After 2 h for binding and intracellular entry of the bacteria, the monolayers were washed and processed for thin-section electron microscopy as described in the legend to Fig. 2 . Displayed are two micrographs of YP212 (P+ in') infected in this fashion.
encoded by a chromosomal locus that was synthesized when the bacteria were grown at 37°C.
To quantitate the thermal induction of cell binding by in', mutants, a plasmid-cured i', mutant was cultured at 28 or 37°C and introduced onto HEp-2 cell monolayers in the presence of chloramphenicol and bacteria associated with HEp-2 cells were counted during microscopic observation of stained samples. If bacteria were grown at 28°C, there was an association of less than four bacterial cells per HEp-2 cell (Table 4) . If the plasmid-cured i', mutant was cultured at 37°C prior to adhesion, however, greater than 38 bacterial cells adhered per HEp-2 cell (Table 4 ). This striking demonstration of the thermally inducible binding activity could be reproduced with CHO cells as well (Table 4) . Bacterial strains that had been cured of the virulence plasmid either before or after the construction of the in' mutation behaved identically (data not shown). This demonstrates that the phenotype is not specific to a particular cell line or due to the particular fashion in which the bacterial strains were constructed.
Thermally inducible cell-binding activity is unable to promote entry into CHO cells. The product of the Y. enterocolitica ail locus promotes surface attachment to certain cell lines and can promote penetration of CHO cells (24, 25) when encoded in E. coli. To determine whether Y. pseiudotuiberciilosis has chromosomal factors that behave similarly, the cellular penetration of CHO cells by plasmid-cured im mutants was investigated.
Plasmid-cured Y. pseudotubercutlosis in' mutants were cultured at either 28 or 37°C and introduced onto CHO cell monolayers to assay for cellular penetration. As expected, bacteria grown at 28°C were grossly defective for entry into this cell line, penetrating at 0.25%c the efficiency of the identical in" strain ( During a lethal oral Y. pseludotuberculosis infection, the microorganism must first translocate from the lumen of the intestine into the lamina propria before eventually localizing in the liver and spleen (4, 35, 40) . Entry into the epithelial layer as well as damage of that layer are potential strategies for facilitating this translocation event. This work and that of Miller and Falkow (24) illustrate that enteropathogenic Yersinia organisms encode at least three different pathways for cellular penetration, any of which could be used to initiate transfer into the lamina propria after an oral infection.
Presumably, if one pathway is mutated, either of the other two could compensate for its absence. This may explain why the absence of invasin in Y. pseudotiberc-ulosis inm strains delays the onset of disease after oral infection without overtly affecting the 50% lethal dose of this organism (33) . Y. pseudotuberc-ulosis inv strains may only be delayed in translocation until sufficient replication in the bowel occurs to allow large numbers of bacteria to translocate and overwhelm host defenses. Clearly, ail, plasmid-dependent entry, or the temperature-inducible cell-binding activity described in this work could be important for this less efficient invasinindependent translocation. Studies on the kinetics of entry into the lamina propria by inv mutants as well as animal infections performed under conditions of limited intestinal replication will test this model.
